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SUMMARY 

Rabbit nmscle phosphofructokinase has been irradiated in solution with X- 
rays. 

The dose-response curve for the loss of catalytic activity was biphasic, indi- 
cating that the enzyme consists of two fractions of widely differing sensitivity to 
radiation. Sucrose gradient studies indicated that the resistant fraction was associated 
with high molecular weight aggregates of the enzyme. The sensitive fraction was 
found to be inactivated with a G value of o.o55. Measurements of the disappearance 
of SH groups upon irradiation and of the protective effect of p-chloromercuribenzoate 
blocking prior to irradiation indicated that destruction of SH groups plays an im- 
portant role in the radiation-induced loss of the catalytic activity. 

The allosteric activity, as measured by the ability of AMP to reverse the ATP 
inhibition of the enzyme, was relatively resistant to radiation inactivation. Loss of 
allosteric activity did not occur until a considerable threshold dose had been accunm- 
lated. The shape of the dose-response curve could be explained by the radiation- 
induced changes in kinetic parameters. It was shown that the radiation-induced 
decrease in allosteric activity was due to a reduced sensitivity to ATP inhibition in 
the irradiated enzyme. 

INTRODUCTION 

Previous studies have shown that the radiation inactivation of sulthydryl 
enzymes can be accounted for largely by destruction of their SH groups ~-4. In the 
few cases where the effect of ionizing radiation on the allosteric properties of enzymes 
has been studied, the allosteric function has proved to be more sensitive to irradiation 
than the catalytic function 4 6. From a radiobiological point of view it is of consider- 

Abbrevia t ions:  I )TNB,  5,5'-dithio-bis-(e-nitrobenzoic acid); PCMB, p-chloromercuri-  
benzoate.  
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able interest to establish whether this is the case for legulatory enzymes in general. 
In order to throw light on this question we have studied the X-ray  inactivation of 
the sulfllydryl enzyme phosphofructokinase (ATP :D-fructose 6-phosphate I-phospho- 
transferase, EC 2.7.1.11 ). A radiation study of this enzyme seemed of interest for two 
reasons. Phosphofructokinase is a key enzyme in the regulation of glycolysis. Further- 
more, recent studies have shown that  blocking of its sulihydryl groups has no effect 
on the allosteric properties of the enzyme, even under conditions giving extensive 
inactivation of the catalytic activity 7. 

MATERIALS AND METHODS 

Materials 
Rabbit  muscle phosphoffuctokinase, aldolase, triose phosphate isomerase and 

a-glycerophosphate dehydrogenase were obtained from Boehringer and Soehne 
Mannheim, Germany. The phosphofructokinase had a specific activity of 40-50 
#moles/min per mg of protein s. The barium salt of fructose 6-phosphate (Schwartz 
Bio Research, Orangeburg, N.Y.) was converted to the sodium salt. AMP, ATP, 
NADH, p-chloromercuribenzoate (PCMB), 5,5'-dithio-bis-(2-nitrobenzoic acid) 
(DTNB) and Cleland's reagent were obtained from Sigma Chemical Co., St. Louis, Mo. 

Enzyme assay 
The assay was carried out at room temperature. The fructose 1,6-diphosphate 

formation was measured by converting the product enzymatically to a-glycero- 
phosphate. The enzymatic reduction of this compound was measured by  recording 
NADH oxidation at 34 ° m # .  

The standard assay mixture, slightly modified from LING, MARCUS AND LARDY s, 
contained in a total  volume of 3 ml: 33 mM Tris-HC1 (pH 8) ; 2 mM fructose 6-phos- 
phate; 2 mM ATP; 4 mM MgSO,; IO mM Cleland's reagent; 5 mM KC1; o.16 mM 
NADH and an excess of aldolase, triose phosphate isomerase and a-glycerophosphate 
dehydrogenase. The reaction was initiated by the addition of phosphoffuctokinase. 
When indicated, the enzyme was preincubated with an excess of Cleland's reagent 
for 5 rain at room temperature prior to the assay, and the reaction was started by 
adding the rest of the assay mixture. The ratio of MgSO 4 to ATP was kept constant 
at a value of 2. The absorbance was read at I-rain intervals in a Zeiss spectrophoto- 
meter. A linear decrease in absorbance was found after an initial lag period. The 
slope of the linear part  of the curve was taken as a measure of the enzyme activity. 
The assays were performed at room temperature. 

The effect of the allosteric modifier, AMP, was determined by assaying the 
enzyme activity at pH 6. 7 (Tris-HC1) in the presence of inhibiting concentrations of 
ATP (3 raM) and low concentrations of fructose 6-phosphate (0.2 mM), as previously 
described ~. The allosteric activity is expressed as the percent increase in the activity 
observed in the presence of I mM AMP. 

The protein concentration was determined by the method of LOWRY et al. 9. 

Density gradient centrifugation 
The enzyme was sedimented in a 5-25% sucrose gradient in 2o mM Tris-HC1 

buffer, pH 8.0, containing I mM Cleland's reagent. I t  was centrifuged in a SW-39 
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ro tor  of Spinco model  L for i8  h at  3 6 ODD rev. /min at  4 :~. Io -d rop  fract ions were 
collected and  assayed  for enzyme a c t i v i t y  and protein  content .  

Irradiation conditimes 
The enzyme suspension was centr i fuged and the crys ta ls  dissolved in 2o mM 

phospha te  buffer (pH 8.o). Unless otherwise s ta ted ,  the  enzyme concen t ra t ion  during 
i r rad ia t ion  was IOO #g/ml.  The enzyme was i r r ad i a t ed  in glass vials in the presence 
of air  at  o ° with a S tab i l ipan  X- ray  machine.  The i r rad ia t ion  pa r a me te r s  were 22o kV. 
20 mA and  o. 5 m m  Cu filter. The dos ime t rv  was carr ied out with the  l : r icke dosimeter .  

R E S U L T S  

Inactivation of the catalytic activily 
I r r ad i a t i on  o r  phosphof ruc tok inase  with increasing doses led to biphasic  re- 

sponse curves (Fig. IA).  In i t i a l ly  the  a c t i v i t y  d i sappeared  as an exponent ia l  function 
of the  dose and  then  the curves levelled off. The shape of the  dose response curves 
suggested tha t  the  enzvlne consists of two fract ions  differing in sens i t iv i ty  by  a fac tor  
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Fig .  1. X - r a y  i n a c t i v a t i o n  o f  p h o s p h o f r u c t o k i n a s e .  A. l ) i f f c r e n t  c o n c e n t r a t i o n s  o f  e n z y m e  x~erc 
i r r a d i a t e d  in  2o m M  p h o s p h a t e  b u f f e r  ( p f t  8.o) in  e q u i l i b r i u m  w i t h  a i r  a t  o °. T h e  a c t i v i t y  is ex-  
p r e s s e d  in  p e r c e n t  o f  t h a t  o f  t h e  u n i r r a d i a t e d  c o n t r o l .  B.  T h e  Da7 d o s e  a s  a f u n c t i o n  o f  t h e  e n z y m e  
c o n c e n t r a t i o n .  T h e  Da7 d o s e s  w e r e  o b t a i n e d  f r o m  t h e  i n i t i a l ,  e x p o n e n t i a l  p a r t  o f  d o s e  i n a c t i v a t i o n  
c u r v e s .  A m o l e c u l a r  w e i g h t  o f  38o  o o o  w a s  u s e d  f o r  p h o s p h o f r u c t o k i n a s e  19. 

l, 'ig. 2. E f f e c t  o f  e n z y m e  c o n c e n t r a t i o n  o n  t h e  r a d i o r e s i s t a n t  f r a c t i o n .  A. R e s i d u a l  a c t i v i t y  
d e t e r m i n e d  a f t e r  a d o s e  o f  3 ° kI{,  a s  a f u n c t i o n  o f  e n z y m e  c o n c e n t r a t i o n .  H. Efl2~ct o f  d i l u t i o n  o n  
t h e  d o s e  r e s p o n s e  c u r v e .  

of abou t  20. In  Fig. I B  are p lo t t ed  tile Da~ doses, ob ta ined  from the ini t ial ,  ex- 
ponent ia l  pa r t  of the  dose response curves,  for increasing concent ra t ions  of the 
enzyme.  A G value of o.o55 was ob ta ined  from the slope of the  line. 

The d a t a  in Fig. I A  ind ica ted  tha t  the  p ropor t ion  of the  more res is tant  fraction 
depends  on the enzyme concentra t ion .  This view is suppor t ed  by  ti le d a t a  in Fig.  2A 
which demons t r a t e  tha t  with increasing enzyme concentra t ion ,  the  ac t i v i t y  of the  
l emain ing  res is tan t  f ract ion increased up to abou t  .,ao °/.,.o of the ini t ia l  ac t iv i ty .  In 
order  to s tudy  whether  the  res i s tan t  t ract ion was formed b y  a r ad ia t ion - induced  
process, a re la t ive ly  concen t ra t ed  solut ion of enzyme was i r r ad ia t ed  unt i l  the  ac t iv i ty  
levelled off, and  it was then  d i lu ted  5-fold with buffer. When  this  d i lu ted  sample  was 
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further irradiated, it again showed a biphasic response curve (Fig. 2B). The final 
activity of the sample was the same as that of another sample which was irradiated 
at the same concentration as the diluted sample. The results indicate that the enzyme 
consists of a mixture of relatively radiation-sensitive molecules and a more resistant 
fraction existing in reversible equilibrium in solution. The data indicate that the 
resistant fraction was not formed during the irradiation. 

Since preparations of phosphofructokinase are known to consist of a mixture 
of molecules of different size 1°, it was conceivable that the radiation sensitivity of the 
enzyme may be related to its state of aggregation. In order to study this question, 
native and irradiated enzyme was subjected to centrifugation in a sucrose density 
gradient, and the activity of the various fractions was measured. It  is seen from 
Fig. 3 that in the native enzyme the major part of the enzyme activity was present 
in a slow-moving, light fraction and a smaller part in a fast-moving, heavier fraction. 
Upon irradiation drastic changes occurred in the activity pattern. Thus, after a 
radiation dose which was sufficient to remove all the activity of the sensitive fraction 
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l:ig. 3. Sedimentat ion profiles of native and irradiated phosphofructokinase in a sucrose density 
gradient. The enzyme (I mg/ml) was irradiated with 12o kR (27 % remaining activity). Gradien 
density centrifugation and enzyme assay were carried out  as described in MATERIALS AND METHODS 

and approx. 5o% of that of the more resistant fraction, it was found that the enzyme 
activity associated with the light fraction had disappeared almost completely. In 
contrast, the activity associated with the heavy fraction was only moderately reduced. 
The results indicate that the resistant fraction consists of aggregate forms of the 
enzyme. It was found that the content of the resistant fraction varied somewhat in 
the different enzyme preparations and that it appeared to increase upon ageing. This 
supports the above interpretation, as it is known that aggregation of the enzyme 
increases under such circumstances 11. The conclusion that the higher forms of aggre- 
gation are more resistant to irradiation appears reasonable, as it might be expected 
that radiosensitive groups would be partly covered on aggregation. 

Inactivation of the allosteric activity 
Phosphofructokinase is inhibited by high concentrations of one of its sub- 

strates, ATP 12-14. This inhibition is reversed by AMP 15, and it appears that the ratio 
ATP/AMP is the important factor in the regulatory function of the enzyme16, ~7. When 
the enzyme activity is measured at pH below neutrality in the presence of 3 mM 
ATP as a function of inc.reasing fructose 6-phosphate concentration, a sigmoidal 
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response curve is obtained, as shown in Fig. 4 A. When AMP is added, the saturation 
curve changes into a hyperbolic response curve, which resembles that found at low 
ATP concentrations by other authorslL The effect of irradiation on the saturation 
curves fl)r fructose 6-phosphate are shown in Figs. 4B and C. It is seen that the 
maxinmm velocity decreased upon irradiation and that the affinity ()f tim enzyme 
for the substrate, both in the presence and absence of AMP, decreased. At high 
radiation doses the two curves seem to coincide, and the results suggest that the 
sigmoidal nature of the curves obtained in the absence of AMP vanishes upon ir- 
radiation. This latter point is confirmed in Fig. 5, where the data have been plotted 
according to Hill. The results demonstrate that with increasing radiation doses, the 
kinetics changed from second to first order. Concurrently, the apparent K,~ increased 
by a factor of 2. In the presence of AMP, the reaction was first order with respect t() 
the substrate, both in the native and the irradiated enzyme. However, here the efl\,ct 
of irradiation on Km was greater. 
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Fig .  4. E f f e c t  of  i r r a d i a t i o n  on  f r u c t o s e  6 - p h o s p h a t e  s a t u r a t i o n  curves .  T h e  e n z y m e  
a t  a c o n c e n t r a t i o n  of  ~oo/~g/m].  E n z y m e  a c t i v i t y  w a s  m e a s u r e d  in  t he  p r e s e n c e  
a t  p H  6, 7 , in  t he  p r e s e n c e  a n d  a b s e n c e  of  [ mT~l AMP.  

was  i r r a d i a t e d  
of  3 m M  ATI  ) 

F ig .  5. HILL p l o t s  for  r a t e  versus f r u c t o s e  6 - p h o s p h a t e  c o n c e n t r a t i o n  for n a t i v e  a n d  i r r a d i a t e d  
p h o s p h o f r u c t o k i n a s e .  D a t a  t a k e n  f r o m  Fig.  4. O,  n a t i v e  e n z y m e ;  n = [ .8;  S,.  s o. 4 raM. O, 
e n z y m e  i r r a d i a t e d  w i t h  3 o k R ;  n 1.2; [S,.s) =:= o . 6 m M .  A, e n z y m e  i r r a d i a t e d  w i t h  6 o k R ;  

n --  o .9;  ES0.s] == o.7 mM. 

In the present paper the allosteric activity has been expressed as tile percent 
activity increase in the presence of I mM AMP when the activity is measured at 
pH 6. 7 at high ATP (3 raM) and low fructose 6-phosphate (o.2 raM) concentrations. 
In Fig. 6A the effect of radiation on the activity measured in the presence and absence 
of AMP is shown. It  is seen that, at zero dose, AMP increased the enzyme activity 
about 4-fold. Upon irradiation, the activity initially decreased rapidly, both when 
measured in the presence and absence of AMP. However, the activity in the absence 
of AMP levelled off more rapidly, with the consequence that at tfigh radiation doses, 
the two curves approached each other, implying that the allosterie function was 
then lost. 

The relative radiation sensitivity of the catalytic and the allosteric function is 
apparent from Fig. 6B where, for both functions, the remaining activity, expressed 
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Fig. 6. Effect of irradiation on allosteric activity of phosphofructokinase.  A. Loss of act ivi ty  as  
a funct ion of radiat ion dose, measured in the presence of 3 mM ATP at  p H  6. 7, in the presence 
and absence of z mM AMP. B. Loss of catalytic and allosteric act ivi ty as a funct ion of dose. 
Catalytic activity measured at  p H  8.o. The allosteric activity is expressed as the ability of AMP 
to s t imulate  the activity, calculated in percent of tha t  of the unirradiated sample. The results 
are based on the data  in A. 

Fig. 7- Effect of irradiation on ATP inhibition of phosphofructokinase.  The enzyme activity was 
measured at  p H  6. 7 in the presence of increasing concentrat ions of ATP. The enzyme concentra-  
tion was ioo #g/ml  and the radiat ion dose was 12o kR. The act ivi ty of the control and the irra- 
diated enzyme is expressed in the same arb i t ra ry  units. The specific act ivi ty of the unirradiated 
enzyme measured under s tandard  conditions (pH 8) was 43 ~tmoles/min per mg protein. 

in percent of the initial activity, is plotted versus the radiation dose. I t  is seen that  
the allosteric activity was unaffected up to radiation doses where the catalytic activity 
was strongly reduced and largely the resistant fraction remained. Upon further 
irradiation, the allosteric function was rapidly lost. 

The simplest explanation for the radiation-induced loss of the allosteric proper-. 
ty, is that  the radiation modifies the enzyme in such a way that  its sensitivity to 
ATP inhibition is lost. That  this is indeed the case is shown in Fig. 7. While in the 
native enzyme the activity decreased strongly when the ATP concentration exceeded 
o.oi raM, a similar ATP inhibition was not found in the irradiated enzyme. 

Role of sulfhydryl groups 
I t  has previously been shown that  blocking of the SH groups of phospho- 

fructokinase leads to loss of the catalytic activityL18. In order to elucidate the role 
of SH groups in the radiation inactivation of the enzyme, the concurrent SH de- 
struction was measured and the extent of inactivation was compared with tha t  
obtained by sulthydryl reagents. I t  is seen (Fig. 8A) that  when the enzyme was 
irradiated until 50% of the activity remained, only 15% of the SH groups had 
disappeared. Since the enzyme contains about 7 ° SH groups per mol. wt. 38o ooo 
(refs. 18, I9), this corresponds to the loss of 11-12 SH groups (Fig. 8B). The data in 
this figure also demonstrate that  with DTNB, 50% inactivation was achieved when 
only about 3 SH groups were blocked, while with PCMB 15 SH groups had to be 
blocked. Clearly, per SH group altered, DTNB is far more effective in inactivating 
phosphofructokinase than are X-rays or PCMB. Presumably, this is related to the 
fact that  DTNB is fairly specific in its action and reacts only with the more reactive 
sulfhydryl groups, while PCMB and X-rays are less discriminating in their reaction 
with sulthydryl groups. 

Although the data in Fig. 8B demonstrate that  the X-ray destruction of 
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Fig. 8. Disat)pearance of enzyme Stf groups upon irradiation. A. The enzym~ in a c<mcentration 
of 6oo ,ug/ml was irradiated with increasing closes of X-rays. The enzyme activity was determined, 
and the remaining SH groups were titrated with PCMB in the presence of 5 M urea. B. Enzyme 
activity after alteration of St[ groups. The data for DTNI{ and P('MB are taken from ('HAPS~AN, 
~ A N N E R  A N D  P I H L  ?. 

lCig. 9. Effect of I'CMB treatmmlt on the radiation sensitivity of phosphofructoldnasc. "['he enzyme 
was preincubated with e5 equivalents (A) and 15 equivalents (B) of PCMB prior to irradiation. 
After exposure all samples (l)CMB-treated and controls) were incubated with Cleland's reagent 
for 5 rain before the enzyme assay. A. Effect of PCMB treatment on the sensitivity of the radio- 
sensitive fraction. Enzyme concentration 6oo [~g/inl. B. Effect of PCMB treatmenl" on the radio- 
resistant fraction of the enzyme. Enzyme concentration, Ioo ltg/mI. 

e n z y m e  S H  groups  is suff ic ient ly  e x t e n s i v e  to a ccoun t  fl)r t he  loss of  e n z y m e  a c t i v i t y ,  

these  resul t s  a lone  do no t  c o n s t i t u t e  p r o o f  t h a t  t he  r ad i a t i on  i nac t iw t t i on  is caused  

by  th is  effect.  More conc lus ive  ev idence  for t he  role  of  su l i hyd ry l  g roups  in t he  X - r a y  

i n a c t i v a t i o n  was o b t a i n e d  in e x p e r i m e n t s  in which  the  e n z y m e  was i r r ad i a t ed  a f te r  

pr ior  b lock ing  of  S H  groups  wi th  PCMB.  The  resul t s  in Fig.  9 A show t h a t  b lock ing  

of  25 S H  groups  w i t h  P C M B  af forded  def in i te  p r o t e c t i o n  (dose r e d u c t i o n  fac to r  of  

a b o u t  2) aga ins t  t he  i n a c t i v a t i o n  of  t he  r ad io sens i t i ve  f rac t ion  of  the  enzyme .  The  

effect  of  P C M B  t r e a t m e n t  on t h e  r ad i a t i on  s ens i t i v i t y  of  t h e  r e s i s t an t  f r ac t ion  is 

shown in Fig.  9 B. I t  can  be seen t h a t  in t he  P C M B - t r e a t e d  enzyme ,  t he  dose -e f fec t  

c u r v e  t a p e r e d  off  at  a h igher  level  t h a n  in t he  u n t r e a t e d  e n z w n e .  These  d a t a  sugges t  

t h a t  P C M B  t r e a t m e n t  had  two  effects,  viz. to p r o t e c t  t i le sens i t ive  f r ac t ion  a n d  to  

d isp lace  the  e q u i l i b r i u m  in the  d i r ec t ion  of  t he  r e s i s t an t  f rac t ion .  P r e v i o u s l y  PAR- 
MEGGIANI et al. n h a v e  r e p o r t e d  t h a t  P C M B  p r e v e n t e d  a g g r e g a t i o n  of  p h o s p h o f r u c t o -  

kinase.  H o w e v e r ,  in th is  case a i ooo - fo ld  h igher  c o n c e n t r a t i o n  of  PCMB was used 

t h a n  in t he  p re sen t  s tudies .  

DISCUSSION 

Tile  effect  of  ioniz ing  r a d i a t i o n  on p h o s p h o f r u c t o k i n a s e  differs in one impor t : ro t  
r espec t  f rom t h a t  f ound  in p r ev ious  s tudies  of  a l los ter ic  enzymes .  Thus ,  in l )hospho-  
f r u c t o k i n a s e  t he  a l los ter ic  si te is r e l a t i v e l y  r e s i s t an t  to  i n a c t i v a t i o n  b y  r ad ia t ion ,  in 

c o n t r a s t  to  t i le  f indings w i t h  a s p a r t a t e  t r a n s c a r b a m y l a s e  '5,6 a n d  p h o s p h o r y l a s e  1) 
(ref. 4)- R e c e n t l y  we h a v e  found  eD t h a t  in f ruc tose  1 ,6 -d iphospha tase  as well,  t i le  

a l los ter ic  s i te  is less sens i t ive  to  X - r a y s  t h a n  is t he  c a t a l y t i c  site. I t  t hus  appea r s  t ha t  
no gene ra l i za t ion  can  be m a d e  conce rn ing  the  r e l a t i ve  r ad i a t i on  s e n s i t i v i t y  of  t he  

c a t a l y t i c  a n d  a l los ter ic  s i tes  in r e g u l a t o r y  enzymes .  
In  t he  S H  e n z y m e s  p r e v i o u s l y  s tud ied ,  t he  r a d i a t i o n  i n a c t i v a t i o n  could  la rge ly  
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be accounted for by  destruction of the sulfhydryl groups 1-4. The present results 
demonstrate that  in the case of phosphofructokinase as well, destruction of sulfhydryl 
groups plays an important  role in the radiation-induced loss of catalytic activity. 
This follows from the fact that  radiation inactivation was associated with extensive 
loss of SH groups and that  blocking of a fraction of the SH groups with PCMB 
afforded appreciable protection. In fact, it can be calculated that  the protection 
obtained was sufficiently large that  the loss of activity on irradiation could well be 
due entirely to the destruction of SH groups. However, more information is needed 
concerning the role of the different SH groups of phosphofructokinase to establish 
whether this is indeed the case. 

The loss of AMP activation of phosphofructokinase upon irradiation was found 
to be due to the fact that  irradiation reduced the sensitivity of the enzyme to ATP 
inhibition. Previously we have found that  the loss of allosteric activity on acetylation 
is likewise due to loss of ATP inhibitionL 

The loss of ATP inhibition of phosphofructokinase on irradiation can not be 
due to destruction of sulthydryl groups since the allosteric function is not affected 
by sulthydryl reagents. The loss of allosteric function of phosphofructokinase on 
acetylation occurred under conditions when primarily tyrosine groups are acetylated 7. 
Since tyrosine belongs to that  group of amino acids which are most extensively 
destroyed when proteins are irradiated in solution ~1, it seems plausible that the 
radiation inactivation of the allosteric function of phosphofructokinase involves 
modification of tyrosine residues. The finding that  acetylation of phosphofructokinase 
changes the order of the reaction with respect to the substrate in the same way as 
does irradiation supports the view that  destruction of tyrosine residues may, at least 
in part,  explain the loss of allosteric function. 

The present finding that  the allosteric function of phosphofructokinase was not 
affected until a considerable threshold dose had been given may  at first sight seem 
surprising. I t  should be realized, however, that  the allosteric property, as measured 
here, is a complex function, depending on several parameters. The studies of the 
effect of irradiation on kinetic parameters indicated that the order of the reaction, 
as well as the apparent Kin, initially varied linearly with the radiation dose. I t  can 
be shown that  if, on the basis of the kinetic parameters measured, theoretical curves 
are constructed for the disappearance of the allosteric activity as a function of the 
radiation dose, these curves have, in principle, the same shape as that  actually 
observed. The peculiar dependence of the loss of allosteric function on the dose of 
irradiation can therefore be satisfactorily explained by the changes induced in kinetic 
parameters, and it is not necessary to invoke other explanations. 
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